Hemizygous interstitial deletions in human chromosome 22q11 are associated with velocardiofacial syndrome and DiGeorge syndrome and lead to multiple congenital abnormalities, including cardiovascular defects. The gene(s) responsible for these disorders is thought to reside in a 1.5-Mb region of 22q11 in which 27 genes have been identified. We have used Cre-mediated recombination of LoxP sites in embryonic stem cells and mice to generate a 550-kb deletion encompassing 16 of these genes in the corresponding region on mouse chromosome 16. Mice heterozygous for this deletion are normal and do not exhibit cardiovascular abnormalities. Because mice with a larger deletion on mouse chromosome 16 do have heart defects, the results allow us to exclude these 16 genes as being solely, or in combination among themselves, responsible for the cardiovascular abnormalities in velocardiofacial͞DiGeorge syndrome. We also generated mice with a duplication of the 16 genes that may help dissect the genetic basis of ''cat eye'' and derivative 22 syndromes that are characterized by extra copies of portions of 22q11, including these 16 genes. We also describe a strategy for selecting cell lines with defined chromosomal rearrangements. The method is based on reconstitution of a dominant selection marker after Cre-mediated recombination of LoxP sites. Therefore it should be widely applicable to many cell lines.
I
nterstitial deletions of human chromosome 22q11 (HSA22q11) are frequent and are associated with velocardiofacial syndrome͞DiGeorge syndrome [VCFS, Mendelian Inheritance in Man (MIM) 192430͞DGS, MIM 188400]. VCFS͞DGS is characterized by a series of anomalies that include facial dysmorphology, velopharyngeal insufficiency, cleft palate, cardiac abnormalities involving the outflow tract, and thymic and parathyroid gland hypoplasia or aplasia, resulting in immune deficiencies and hypocalcemia, respectively (1) (2) (3) . Most VCFS͞ DGS patients are hemizygous for a large, 3-Mb, interstitial deletion with well-defined breakpoints (4) . A small subset of patients have a nested deletion of 1.5 Mb (5). Other constitutional rearrangements such as tetrasomy and trisomy of HSA22q11 have been described in two other developmental disorders, ''cat eye'' syndrome (MIM 115470) and derivative 22 syndrome (6) . The extra copies of the 22q11 region present in such individuals include the 1.5-Mb region that is deleted in some VCFS͞DGS patients, suggesting the presence of genes in this interval causing dosage-sensitive effects on cardiac development and other aspects of fetal development (7) .
Several of the tissues and organs affected in VCFS͞DGS are derived from the pharyngeal arches and pouches, structures that are populated by migrating neural crest cells that have been shown to be essential for the proper development of the conotruncal region of the heart, the thymus, and the parathyroid glands (8, 9) . Most of the 1.5-Mb VCFS͞DGS region has been cloned and sequenced (10) , and 27 genes have been identified within this region (Fig. 1a) . Several approaches have been used to identify the gene(s) responsible for producing the VCFS͞DGS phenotype, including mutation analysis of rare nondeleted patients, developmental gene expression analysis, and generation of gene-inactivated mice. However, these efforts have not led to a definitive identification of the responsible gene(s). Moreover, the fact that a small number of patients have nonoverlapping deletions raises the possibility that there is more than one gene in 22q11 that when deleted contributes to the VCFS͞DGS phenotype (reviewed in ref. 12) .
Recently, mice with cardiovascular defects similar to those in VCFS͞DGS patients were produced by deleting a region on Mus musculus chromosome 16 (MMU16) corresponding to most of the 1.5-Mb deletion seen in some VCFS͞DGS patients (13) . We sought to identify a subregion of MMU16 in which the gene(s) responsible for VCFS͞DGS phenotypes resides. We describe here the use of a selectable system for producing a 550-kb deletion on MMU16, using the Cre-LoxP system. This deletion encompasses at least 16 genes, representing about 60% of the genes present in the 1.5-Mb VCFS͞DGS region (Fig. 1) . These mice do not exhibit cardiac abnormalities, allowing us to exclude many of the genes in this region as being solely responsible, when haploinsufficient, for such defects. Our results indicate either that the gene responsible for cardiovascular defects in VCFS͞ DGS patients lies outside of the region deleted in these mice or that haploinsufficiency of more than one gene is involved in the defects. To distinguish between these two possibilities, we also have generated mice with a duplication of the same region.
Generation of Embryonic Stem (ES) Cell Lines Containing Chromo-
somal Rearrangements. WW6 ES cells were cultured according to the method of Ioffe et al. (14) . To introduce a LoxP site at the Idd locus, ES cells were transfected with NotI-linearized Idd targeting vector and selected with G418 (150 g͞ml). DNA from pools of six G418-resistant ES cell colonies was analyzed by long-range PCR (Boehringer Mannheim) as recommended by the manufacturer, using primers 6R2R1 and Neo5F. Specificity of the PCR amplification was determined by hybridization with 20 ng of an internal primer, 6R2R2, that was labeled as described by Hazan et al. (15) . To introduce a second LoxP site at the Arvcf locus, ES cell clone 14.9 targeted at the Idd locus was electroporated with 10 g of NotI-linearized Arvcf targeting vector and selected in G418 (150 g͞ml) and hygromycin (200 g͞ml). DNA from Hyg R colonies was analyzed by long-range PCR, using primers hygro2 and arvf4. Doubly targeted cells were electroporated with either pCMV-Cre or pCAG-Cre (16) . Cells were plated without selection at a density of 2 ϫ 10 6 cells per plate for 36-48 h and then replated in medium containing puromycin (2.2 g͞ml). DNA from resistant colonies was analyzed by PCR for a DNA fragment indicative of joining the PGK promoter to the Puro R gene (Fig. 1b) . Positive ES cell clones were injected into C57BL͞6 recipient blastocysts, which were transferred to CD-1 pseudopregnant females (17) .
Fluorescent in Situ Hybridization. A high-resolution physical map of the HSA22q11͞MMU16 region was generated as described by Morrow et al. (5) . Mouse BACs were from the RPCI-22 (129S6͞ SvEvTac) mouse BAC library (http:͞͞bacpac.med.buffalo.edu͞). The gene content of each BAC was identified as described by Puech et al. (18) . Mouse BACs lying inside (RPCI22-213A6) and outside (RPCI22-174J11) of the targeted region (Fig. 1a) were used to generate DNA probes by degenerate oligonucleotide-primed (DOP)-PCR (19) . PCR products were purified and labeled by nick translation with bio-16-dUTP (Roche Molecular Biochemicals) for BAC RPCI22-213A6 and with Cy3-dUTP (Amersham Pharmacia) for BAC RPCI22-174J11. In situ hybridization was performed as described by Cherif et al. (20) . Slides were analyzed under a Leica fluorescence microscope (DMRXA) equipped with a cooled charged-coupled camera (C4880-06; Hamamatsu, Middlesex, NJ) and processed to create pseudocolor images with software developed by IMSTAR (Paris).
Pathologic Examination of Heterozygous Mutant Mice.
A complete gross and histological examination and weight measurements were conducted on all organs from 4-to 5-month-old heterozygotes and controls. Organs were fixed in 10% neutral buffered formalin and embedded in paraffin, and 5-m sections were stained with hematoxylin and eosin. Sections of the following tissues were examined by light microscopy: brain, eye, nasal cavity, tongue, inner ear, middle ear, salivary glands, trachea, Harderian gland, esophagus, thyroid, parathyroid, thymus, pituitary, peripheral lymph nodes, heart, aorta, diaphragm, lung, spleen, liver, gall bladder, kidney, adrenal, stomach, small intestine, cecum, colon, pancreas, reproductive tract from each sex (ovaries, oviduct, uterus, vagina, or prostate, testis, penis, seminal vesicle), urinary bladder, skin, skeletal muscle, and bone marrow. For examination, the intact heart was first bisectioned in a basal-apical plane including both valves. The two halves were sectioned together to obtain approximately 25 serial sections. Different section levels (usually five per animal) were prepared using every fifth section and examined histologically. For visualization of the major blood vessels, embryonic day 18.5 (E18.5) embryos were perfused by intracardiac injection with red acrylic cast (Batson's no. 17 acrylic; Polysciences) and then fixed in 10% buffered formalin. The soft tissue in the anterior thorax was removed by dissection to examine the hardened vessels filled with corrosion cast, under a stereomicroscope. (11, 18) . The location of bacterial artificial chromosomes (BACs) 147J11 and 213A6 used for fluorescence in situ hybridization experiments and the region deleted in our experiments and those of Lindsay et al. (13) are shown on the right. Ym24do7, op53c05, me49f07, and vo59c07 correspond to independent genes identified by GENSCAN analysis of GenBank sequences AC006082, AC003060, AC003066, AC008019, which are also represented in the 22q11 genomic sequence. (b) Scheme for selecting Cre͞LoxP-mediated interstitial chromosomal deletion and duplication. Recombination between LoxP sites in cis leads to a deletion (upper two diagrams), and recombination between LoxP sites in trans leads to a deletion as well as a duplication (lower two diagrams). The locations of various diagnostic PCR products are represented by A-E. The Idd targeting vector contained a 4.3-kb XbaI genomic fragment including Idd exon 6, a 3.0-kb PvuII͞SmaI genomic fragment including Idd exon 2, and part of exon 3 and a cassette containing a gene that confers resistance to neomycin (Neo R ). The cassette also included a LoxP site and a solitary phosphoglycerate kinase (PGK) promoter (P). The Arvcf targeting vector contained a 0.7-kb EcoRI͞MscI fragment containing a part of Arvcf exon 3 and an 8.0-kb XbaI fragment including Arvcf exons 5 and 6. A 3.1-kb cassette containing a hygromycin resistance (Hygro R ) gene, a LoxP site, and a promoterless puromycin resistance (Puro R ) gene was inserted by blunt-end ligation into the MscI and XbaI sites.
Results

Engineering ES
genes (10) . We and others have examined the organization of this region in mice and found that it is located in a single region of mouse chromosome 16 (18, 21, 22) . However, the order of genes in the two species is different, probably because of an inversion and exchange of other segments during evolution (Fig. 1a) . Recently, mice hemizygous for a deletion spanning the sequence from Es2 to Ufd1l, encompassing 22 known genes, were generated using the Cre-LoxP system. About 25% of E18.5 embryos with this deletion exhibited various VCFS͞DGS-associated cardiovascular abnormalities. Increased mortality during the first day of life was also noted in such mice, but mice surviving the first day were viable and grew normally (13) . To examine the contribution of a subset of the genes in this region to these cardiovascular abnormalities, we first produced ES cells containing a deletion spanning the sequence from Idd to Arvcf, a region estimated to be 550 kb (Fig. 1a) . The relative transcriptional orientation of the two genes on HSA22q11 was precisely determined by high-resolution physical mapping and complete sequencing of the HSA22qq11 region (10) . Detailed comparative mapping allowed us to deduce the genes' relative transcriptional orientation in mice (18) . This region encompasses 16 genes from among the 27 genes in the 1.5-Mb VCFS͞DGS deleted region and includes 13 of the 22 genes hemizygous in the Es2 to Ufd1l deleted mice recently reported (13) .
We used Cre-mediated recombination of LoxP sites to modify a portion of MMU16 in ES cells. Because the frequency of Cremediated recombination of LoxP sites separated by large distances in mammalian cells is quite low, a selection system was described in which recombination leads to reconstitution of a functional hypoxanthine phosphoribosyltransferase (HPRT) gene (23) . However, this approach requires using HPRT-deficient ES cells, precluding its use in most ES cell lines. Therefore, we devised another strategy, using a dominant antibiotic resistance marker for selecting ES cells in which distant LoxP sites have recombined (Fig. 1b) Fig. 1b) . If the LoxP sites have been inserted in cis and in the same relative orientation, recombination leads to cells with a deletion on one chromosome and simultaneous loss of Hyg R and Neo R genes; the homologous chromosome is unaffected (Fig.  1b, upper two diagrams) . On the other hand, if the LoxP sites have been inserted in trans on homologous chromosomes, recombination between LoxP sites results in cells containing two rearranged chromosomes, one with an interstitial deletion of the region between the LoxP sites and the other with a duplication of the same region (Fig. 1b, lower two diagrams) . In this case, intact Neo R and Hyg R genes would be present on the chromosome containing the duplication, and the resulting cells should be resistant not only to puromycin but also to G418 and hygromycin. The two rearranged chromosomes should segregate in the progeny of chimeras obtained from these cells, generating animals with either a deleted chromosome or a chromosome containing an interstitial duplication.
To modify the region of MMU16 in ES cells, the Idd gene was targeted with a vector containing a solitary PGK promoter, a LoxP site, and a Neo (Fig.  1b) , indicating retention of the two markers. The presence of both PCR fragments D and E in single clones is consistent with their origin from recombination between LoxP sites in trans and to their having one chromosome with an interstitial deletion and the second chromosome with an interstitial duplication. Clones obtained from the two lines yielding many more Puro R clones were sensitive to hygromycin and G418 and negative for PCR E. These results are consistent with these clones arising from recombination between LoxP sites in cis and to their having only a chromosome with a deletion. The large difference observed in the frequencies of Puro R clones with the various lines (1c1, 3c4, 3b3, 4b1, 4b4, 3c1 vs. 4c1, 4d1) indicates that Cre-mediated recombination between the LoxP sites in cis is much more frequent than when they are in trans configuration, consistent 
NT, not tested.
with previous observations (23) . The differences in the frequencies of Puro R clones observed among lines transfected with pCMV-Cre vs. pCAG-Cre also suggest that Cre may be produced in larger amounts when driven by the pCAG promoter than when driven by the cytomegalovirus (CMV) promoter.
Interphase fluorescence in situ hybridization with BACs RPCI22-174J11 and RPCI-213A6, lying inside and outside, respectively, the deleted͞duplicated region was used to confirm the chromosomal rearrangements. In situ hybridization of nuclei from cell line IIb4, which is sensitive to hygromycin and G418, exhibited colocalization of the two probes in one region of the nucleus and a solitary signal with BAC 213A6 in another region (Fig. 2b) , consistent with this line having only a chromosome with an interstitial deletion. On the other hand, cell line Vc1, which is Hyg R and Neo R , exhibited colocalization of one copy of BAC 213A6 and two copies of BAC 147J11 in one region of the nucleus and a solitary signal in another region ( Fig. 2d ; see also an example of the analysis in G 2 cells of each line in Fig. 2 c and  e) . This result implies that cell line Vc1 has a deleted chromosome 16 and one with an interstitial duplication.
Generating Mice with Altered Dosage of the Region Lying Between Idd
and Arvcf. Several ES cell clones containing either a deletion or a deletion and a duplication were injected into C57BL͞6 blastocysts. Clones Va1, Vc1, and IIb4 generated chimeras ranging in chimerism between 30% and 80%, as judged by coat color. These chimeras were mated to C57BL͞6 animals, and their offspring were genotyped by PCR analysis of tail DNA. Mice heterozygous for the deletion of part of the MMU16 region were detected in offspring of chimeras obtained from clone IIb4. This result indicates that mice hemizygous for at least 16 genes from this region are viable. Mice heterozygous for the interstitial deletion were interbred. Both wild-type (37.2%, 67͞180) and heterozygous (62.8%, 113͞180) mice were obtained, but no homozygous animals were represented among the offspring. Analysis of E9.5 embryos from such matings failed to detect any homozygous mutant embryos. The number of resorptions at this stage (10͞30) suggests a postimplantation lethality due to an essential gene(s) between Idd and Arvcf.
An equal number of mice with either a duplication or a deletion of this region were obtained by mating chimeras derived from cell lines Va1 and Vc1 (Fig. 3) , indicating that mice with a trisomy of at least 16 genes from this region are viable. Furthermore, by interbreeding animals that contain both the deleted and the duplicated chromosomes, we obtained animals homozygous for the chromosome with the duplicated region at the expected Mendelian ratio (62͞99 heterozygotes for the deletion and the duplication, 37͞99 homozygotes for the duplication, no homozygotes for the deletion). Mice homozygous for the chromosome with the duplication were interbred and produced normal-sized litters. Thus mice with three and even four copies of 16 known genes in this region are viable and fertile.
We also generated mice with a deletion of the region between Idd and Arvcf by carrying out Cre-mediated recombination directly in animals. To obtain a recombination between the two loci with the trans configuration, two lines of mice were established from ES cells that had a LoxP site inserted at either the Idd locus or the Arvcf locus. CMV-Cre (24) or ZP3-Cre (25) transgenes were introduced into the Idd modified line by matings. Then mice heterozygous for the Idd modified allele and transgenic for one of the transgenes were mated to mice heterozygous for the Arvcf modified allele to generate mice containing three modifications. Heterozygotes in which the modified alleles at Idd and Arvcf are in the cis configuration were obtained by extensive breeding and identification of recombinant chromosomes containing the two modified alleles. The CMV-Cre and ZP3-Cre transgenes were introduced into their progeny by further mating. One animal with a deletion was obtained from 32 offspring of CMV-Cre transgenics containing the Idd and Arvcf modified alleles in cis. No deleted chromosomes were detected in more than 200 offspring of 10 mating pairs containing CMV-Cre and the two modified alleles in trans, suggesting that as 3 . Genotype analysis of progeny of chimeric mice derived from ES cells with chromosomal rearrangements. Mouse tail DNA obtained from two litters of progeny of chimera Vc1 was analyzed by PCR, using primers designed to amplify a fragment of (from Top to Bottom) the PGK-Puro junction, the modified Idd allele on its 3Ј end or its 5Ј end, the Hyg-Neo junction, and the modified Arvcf allele on its 5Ј end (indicated, respectively, as fragments D, A, B, E, and C in Fig. 1b) . Mice positive for PCR fragments D and A contain a chromosome with an interstitial deletion, whereas mice positive for PCR fragments B, E, and C contain a chromosome with an interstitial duplication.
in ES cells, recombination of LoxP sites in cis is much more efficient than when the sites are in trans. The ZP3-Cre transgene appears to be much more efficient than the CMV-Cre transgene, inasmuch as we obtained 16 of 51 offspring (31.3%) with a deleted chromosome from matings with the two modified alleles in cis. The higher efficiency of the ZP3-Cre transgene is consistent with a high level of expression of the ZP3 promoter during oogenesis. These results indicate that large chromosomal deletions can be obtained directly at very high efficiencies in living animals when the LoxP sites are inserted in cis.
Characterization of Mice with Partial Monosomy or Trisomy of
MMU16. Lindsay et al. (13) recently reported that E18.5 embryos with a hemizygous deletion from Es2 to Ufd1l frequently exhibit cardiovascular abnormalities and that mutant pups show a somewhat increased mortality at birth. Because the deletion described above, from Idd to Arvcf, overlaps significantly the interval from Es2 to Ufd1l, we were interested to learn whether mice with the Idd to Arvcf deletion have similar cardiovascular abnormalities, as well as any other VCFS͞DGS phenotypes. By backcrossing F 1 mice with the deletion to C57BL͞6 animals we obtained heterozygous mutant and wild-type progeny at the expected Mendelian ratio (186 wild type vs. 184 heterozygotes). Mice heterozygous for the Idd-to-Arvcf deletion exhibited normal birth weight and size and were indistinguishable from their wild-type littermates. Among the few rare dead pups identified, cleft palate was never observed. Body weight; liver, kidney, and adrenal weights; the gross appearance of organs; as well as heart shape and size in heterozygous mutants were within the normal range. Histological examination of all organs, including the thymus, parathyroid glands, and the heart, from 4-to 5-monthold mutant (n ϭ 5) and control (n ϭ 3) littermates did not show significant abnormal findings. Special attention was given to the heart by preparing serial sections (5 m in thickness), across approximately 80-100 m of tissue. In this manner, it was possible to visualize the septa and the great vessels along with the valves. We did not detect any cardiovascular abnormalities such as interrupted aortic arch, ventricular septal defect, or any other cardiac or conotruncal defects in the five heterozygotes investigated by necropsy and by microscopic examination of histological sections of the conotruncal region. To examine the architecture of the major blood vessels of the heart, E18.5 heterozygous (22͞34) and wild-type (12͞34) embryos were perfused by intracardiac injection with corrosion cast. All embryos demonstrated a normal pattern of the outflow tracts and major vessel branching from the aortic arch region (Fig. 4b) . These results indicate that monosomy for at least 16 genes present in the VCFS͞DGS deleted region did not impair normal development of the heart and the vascular pattern of large vessels immediately cranial to the heart and derived from aortic arches during embryogenesis.
Patients with tetrasomy and trisomy of HSA22q11 have been described in cat eye and derivative 22 syndromes, which are characterized by developmental abnormalities, including congenital heart defects, renal malformations, and male genital anomalies. Because the extra copies of the 22q11 region present in these patients include the 1.5-Mb region that is deleted in some VCFS͞DGS patients (7), we also examined mice heterozygous for the chromosome with a duplication. No consistent differences were found between wild-type and heterozygous animals by examination of birth weight, growth curves, organ sizes, and weights, or hematoxylin͞eosin-stained paraffinembedded sections from 40 different tissues collected from six 4-to 5-month-old mutant and control littermates. These results indicate that trisomy for 16 genes present in the VCFS͞DGS deleted region did not impair normal mouse development.
Discussion
We have generated mice with a 550-kb deletion corresponding to a part of human chromosome 22q11 deleted in VCFS͞DGS. Although several investigations have attempted to define a critical region in VCFS͞DGS and a large number of genes in the deleted region have been identified to date, no single gene has been implicated as a cause of the disorder. In an attempt to localize candidate genes, two different interstitial deletions of MMU16 were recently described. One is a conventional Ϸ150-kb deletion that results in hemizygosity of seven genes from Znf74 l to Ctp (26) . Mice hemizygous for this deletion do not have any phenotype similar to those seen in VCFS͞DGS patients, although they exhibit increased prepulse inhibition of the startle response, a phenotype that may indicate behavioral abnormalities. Mice with this deletion in the homozygous state do not survive much beyond implantation. A larger deletion, estimated to be 1.2 Mb in size and spanning 22 genes between Es2 and Ufd1 l, was described by Lindsay et al. (13) . Three of the genes (Idd, Tsk1, and Tsk2) in this deletion are common to the deletion generated by Kimber et al. (26) . Hemizygosity for this deletion causes fetal cardiovascular defects similar to those seen in VCFS͞DGS patients and may be responsible for the reduced survival rate of these mice at birth. Homozygosity for this deletion also leads to embryonic lethality. The mice that we describe in this report are hemizygous for 16 genes included in the Idd-Arvcf interval. Thirteen of these genes are included in the deletion described by Lindsay et al. (13) .
The fact that mice hemizygous for a deletion spanning the sequence from Idd to Arvcf do not show reduced survival rates or any of the cardiovascular anomalies seen in the larger deletion of Lindsay et al. (13) suggests that none of the shared 13 genes, singly or in combination with one another, is responsible for the cardiovascular defects seen in VCFS͞DGS patients. That leaves 9 other genes encompassed by the deletion of Lindsay et al. (13) as candidates for cardiovascular defects in VCFS͞DGS patients. Mice with mutations in Comt (27) and Ufd1l (13) do not have any VCFS͞DGS phenotypes, despite the claim that mutations in UFD1L are responsible for the VCFS phenotype in one patient (28) . Recessive mutations in GP1B␤ are responsible for BernardSoulier disorder in humans, which is characterized by giant platelets, but these patients do not have any heart abnormalities (29). That leaves 6 other genes, haploinsufficiency of which may result in cardiovascular defects. It is also possible that hemizygosity of more than one gene is required to produce VCFS͞DGS cardiovascular defects, and such genes might be located far apart within the VCFS͞DGS deleted region. An attempt to complement the large deletion or other deletions of that nature in mice with the duplication chromosome that we describe here might reveal such a possibility.
Duplications and triplications of a large region of chromosome 22q11 are responsible for cat eye and derivative 22 syndromes (30) . A part of the region that is duplicated in these two syndromes is represented in mice with the duplication chromosome described here (7, (31) (32) (33) . However, mice with three or even four copies of the 16 known genes in this region are viable and normal, suggesting that the gene(s) responsible for the major developmental abnormalities in cat eye and derivative 22 syndromes may be located in another portion of human chromosome 22q11.
The engineering of chromosomes with a deletion and a duplication in ES cells was facilitated by the use of a dominant selectable marker system. In our system, recombination between the two LoxP sites results in a functional puromycin resistance gene. Reconstruction of a functional gene has been used previously as a strategy to select for Cre-mediated LoxP recombination events. In a series of reports, Bradley and colleagues (23, 34) described the use of an HPRT minigene to select for deletions of different sizes. However, the use of the HPRT minigene requires using HPRT-deficient ES cells. Because most ES cell lines are wild type, it is desirable to have a dominant selectable marker system that can be used in a variety of cell types. Clerc and Avner (35) attempted to use a phleomycinresistance selectable marker, but they were not successful in obtaining a 65-kb deletion, because of problems with the drug selection. The puromycin-selectable system we used is robust, nonleaky, and reliable. We also compared two different Cre expression vectors and found that pCAG-Cre is much more efficient than pCMV-Cre in mediating recombination between LoxP sites in ES cells.
We also generated deletions in vivo, using two different Cre transgenes, CMV-Cre and ZP3-Cre, and found that ZP3-Cre was much more efficient, yielding 16 of 51 (31.3%) of offspring with a deletion. Because of the restricted expression of ZP3-Cre in the female germ line, the use of this transgene is well suited to generate LoxP-mediated rearrangements in vivo. Thus it is possible to generate numerous deletions or inversions in animals in which LoxP sites have been introduced into homologous chromosomes at distinct locations, bringing the LoxP sites together by meiotic recombination and mating with Creexpressing transgenic mice. Such an approach should have important applications in discovering the causes of other human genomic disorders involving large chromosomal deletions or duplications, such as Williams syndrome, Smith-Magenis syndrome, and, most significantly, Down syndrome, which together constitute 0.7% of live births (reviewed in ref. 36 ).
